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ABSTRACT 


The propagation of sound my a laboratory model 
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bottom layer of sand was experimentally investigated. The 
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depth, range, and transverse location were measured for the 
source at constant depth in the surface layer "om Jwatcer. 
Three frequencies for which only the lowest mode propagates 
were used in this investigation. The measurements of pres- 
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in good agreement with normal mode theory, when absorption 
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I. PROPAGATION OF SOUND IN THE HOMOGENOUS LAYERED MODEL 

The transmission of sound in the ocean is dependent on 
several environmental factors. The most important of these 
include the depth, the nature of the bottom, sound velocity 
structure within the ocean, and the shape of ocean bottom 
and surface. The purpose of this experiment was to investi- 
gate the propagation of sound ina two layered laboratory 
model, composed of sand and water. In this study the bottom 
and surface of the model were made flat and experimental 


results were compared with a simple theoretical model. 
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II. PROPAGATION OF SOUND IN SHALLOW WATER 


wee 


A. INTRODUCTION 


ES DLOpagation Of sound in shallow water is a compli- 
cated problem, involving multiple reflections of the sound 
between the surface and the bottom, so that there is consid- 
erable phase interference among the various multipaths. At 
relatively long ranges, the sound field is mainly due to the 
multiple reflections. The transmission of sound in the 
shallow water also depends on several environmental factors: 
nature and slope of the bottom, depth of water relative to 
wave length, roughness of surface and bottom and temperature 
gradient. As a consequence of the multiplicity of reflec- 
tions from the surface and the bottom and the environmental 
feeeees) the predictions of solind transmission in shallow 
water can be much more complicated than for deep water. Ray 
theory can be used for the sound field at short range when 
the depth of the water is relatively large. But, ray theory 
has limited applications. It 1s inapplicable in a shadow 
zone. Ray theory also cannot be used for low frequencies 
when the wavelength of sound becomes comparable with the 
vertical scale of sound velocity variation. Therefore, in 
practice one ultimately has to resort to a wave solution of 


the problem. 


B. NORMAL MODES IN TWO HOMOGENOUS LAYERS 


Normal mode theory provides an exact solution to the 
wave equation and is also useful for dealing with depth 
dependent sound profile particularly those leading to 
Uiecmierampping of sound. There are various approaches to 


the normal mode theory Suc we will use the 


ila 


eigenfunction-expansion technique, which is relatively 
simple. In this presentation we will follow mainly [Ref. 1] 
and [ Ref: age 

Consider the case of two homogeneous layers with a 


pressure release surface above as shown in Figure 2.1 


Pressure release 


Zt? Go. 2 Es Fluid {q 


Come 





ElQUG eee. FeO ee a layers with pressure release 
surface. 


Let Bi and fe, be the constant densities and sound 

4 2 
speeds in layer 1 and 2 respectively. Assume there is a 
point source at z =din layer 1. The wave equation for a 


homogeneous medium can be written as: 


WM 


aoe. = G 
at (2.4) 


a 
VP = 
where dis a source function and is defined by 
Where 0 is source strength 


In our solution, we assume that a point source radiating 


a single frequency can be described mathematically by 


jet 
(25.2) 
eee ie eo ne Daeac delta function, 4r is the 
EGaweeon vector. A is the amplitude factor which is 
assumed to be unity, and « is the angular frequency of 
Weemwscource. Solution to the wave equation is of the form 
cot 
Plrt) = Pcrye’® 
S (Zoe) 


Siieeedtucing equation (2.2) and equation (2.3) eT E@ 
equation (2.1) we get the helmholtz equation 


Veak 
P+kP = -4%6(r-4) eee 


ales 


where k is wave number defined by 


ko See 
= == Cees 
z (2.5) 
The delta function for the point “source at Y= seme. 
Orr) = 1 Beira? aan 
=o = See 2.6 
oTr ( 


In cylindrical co-ordinates equation (2.4) Canw@eewwrit cen 


Z ‘ool 
rar\ ar/* 92° r (257) 
This is an iinenedenseus equation. Ease, let us 
consider the homogeneous equation, 
c Z 
{ 0 ra 0 k 1P = O 
a o) ae ce F (2.8) 


and use the separation of variables technique. 
We assume that the sound energy is trapped in the upper 
layer and solution to equation (2.8) can be represented by 


a set eigenfunctions. 


jet 
Py 2 eee 2 RINZ@) (2.9) 


14 


Sees ereuce Equation (2.9) into equation (2.8) to get 


2 : 
et 2 | r OR) 4 28,92 4 28,7,K | =e (emo) 


n k = 6 
ae +k | = 2.11 
dr Z,dzé ee 
This is only possible if each part in the 
brackets in equation (2.11) 


square 


1s equal to a constant hence it 
can be written as 


2 
Lidr de ) = _ k, 
2 a 2D 
[Ip GZ ek 
=e =e) 
Z, dz (22s 
where k, is separation constant 
The boundary conditions on the depth functions are 
Z,(0) = 0 (2.14) 


LS 








ZH) = ZMH) 
al Gian = a Gian 
pga ), a(S y 
him, Zaq(2) - O 


Rewrite equation (2.13) in the form 


Zz a Zz 
co +(' — ky) 4p - OQ 


(2 eH) 


(25 le) 


(Ga 


C2e20e)) 


(2.19) 


boundary condition the pressure 
must decay 


Or 
4 2 

a4 _ 

d 7 3 ay K nen = O 
where 
2 
a (25 _ i 
In order to satisfy the 

the 


goes to zero when 
exponentially with depth. 
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Z—> oO , SOLUCIOMnmaeS 
Thewonly wayetnat a, Can sactory 


the boundary conditions at the surface at Z= Helis to 


be sinusoidal function of depth. Therefore 


+e A-sin K 2 C= (2 20) 
Z - 
ae Bee H=Z<=00 (2.21) 
2 fm a 
P, si A - (2) (2522) 
2 
Powers Dropagaelon requires that k, and P, must be real 
hence 
eae OO 
ee f c, (ZiZo)) 
Application of boundary Conditions at Z = H results in 
. St 
eee Be” (224) 
Zn n 


A, 1k cos k-H 
Zn Zn 


R 


Hy 
pe (2225) 
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which gives 


3,47. k 
B, = A,e -SIn KH (oes 


The depth function, therefore, can now be written as 


[A 


Z,62) = A,Ssin kz O= 2 aie) 


-P(2-4 ) 
2,62) = A Sin ie ae A= Z =o (2 7S9 


These depth functions have to be orthogonal. Since there 
is a discontinuity in the slope at the boundary Z2@ = H, we 
need separate orthogonality constant for each layer. We 
assume that the constant is unity for the layer 1 and W for 
the layer 2. 


OZ) O<Z<H 
in 
Z (Zz) _ 


EZ, H=xZ<@ 2039) 


In order to evaluate 3 maltip ly gequa tie ie legen ara 


; s7 2 2 
Lr (K- KZ, 2, = 0 


ads (30) 


Lie} 


Mmaceremange the subscript m and n in equation (2.30) and 


take the difference of the two equations to get 


a 
5 (Em Sie — 2 SEn) = (Ky-Kn)2nzn (2.31) 


Integrate both sides of equation (2.31) from 0 to @ 


fs an Gna n Gm) dz = (hy Fn) [2 m2 nd (27320) 


The orthogonality condition requires that, foment a ae 
the R.H.S of the equation (2.32) must be zero. Therefore 














H 
d_(Z,, d2n_Z, -gdnjee 47/402, _2,,92x)d2 = 0 
dz dz "dz (2.335 
- a wo 
Zs, Zoe cae d Zam = 
ee - oe [+P [2S = Pen | =O 2.38) 


Mime application of limits as well as boundary conditions 


gives 


| 1 YR Z (4) (-dZu) aeZ. (H)(d Zur = O 
0) im dz he in a7) | — (23523) 


eS 


This is only possible if 





& 
ie |) <a 
P, 
— Re 
1. (2255 5) 


Therefore, equation (2.29) becomes 


Anant?) O= 27 
i = 
n 
[Pi An Zen6=? H= Z= @ (2.35) 
R, 
We will normalize the Geoth eigenfunctions fie orders. 
evaluate ae, consider the m = n case 
oD 
2 
[ 22002 = | (2 cen) 
oO 
A 2 ae 
[Anz in2 109 + | BAZ 92 a9 - | (2.39) 
f JP 
: | 
a = H (22 40) 
<d D, ("2% az 
£in02 4+ ef 2n 
0 * -H 
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Now 


be (ae 


| Z dz = = [4 _ 1 sin kK H-cos Kal] eee 
© zn 
and 
oe 
2p -2 2 Z 
| ae) ae [i sin? k Hem )e ™ dz Cae 
A H 
OE 
ee 2 
| G2, es ei esi k 
st 2p i (2.44) 
EP mn 


substituting equation (2.42) and equation (2.44) ana eo 


equdemam, (2.40) gives 


: Bln 


A = 
“ a, mae. - 2 
KA — coS(kH)Sin(k,-H) ~(B) sintk, JH) tantk ae 


P, cm 45) 


cu 


The depth eigenfunctions now form a complete set of 
OrTtnonormal Lune erons. 
Now we have to evalwate the Green s fume 2oLr mene 


inhomogeneous wave equation 





2 2 
7, ABB) B, Ee mBPugy=— B50 8-8) 
3 (ein / Gln yee ae DR d°2, K< K Z.)=-_ 2 Xr) &(2-d) 
mol & rete nl age ae (2.47) 
From equation (2.13), the second term in the square 


bracket is zero; therefore, equation (2.47) can be rewritten 


as 


Rp 7 - 
2.2] d.(roBa) 4 4B, a see ae os (2.48) 


Multiply both sides of equation (2248) by 2. and 


integrate from 0 to © gives 


[FRU +k (Bl ia ~2 81) 8 dred 
ri (2542) 
Form =n 
{d /rdkR = 
rape gee) t Boks £6(r)Z,(4) (2.50) 


ZZ 


Solution to this homogeneous equation is 


: (2) 
Rr) = -jmZ,(d) Ho (k,n) 4 
where for ieee >> ] 
2) Sop eee es 
H CK r) ze ae ae 





TK 


n 


(27 
BiemHankeberimeeron Ha (K-21) describes the solution in 
icici rection. 
Therefore, the solution for the sound trapped in layer 1 


(Ome = H) is 


2. NACo aK rr 
rage!) = =o [21 K sin(k-d)sin(k-z)e Oo te? 
eh Zu Zn . 


. (2.52) 


Bemation (2.52) is invariant under the interchange 
Se Gana a and is valid within the region 0< Z <H 
Premetcenvalues kK can be obtained by eliminating B, from 


equation (2.25) 


na Kae 





B (2.53) 


Let 


NY 
3 
Ne 
i 
aS 





(2.54) 


<e 


Zo 





tan Xx, = hee 
a3 ao * 
DAY Ky (#) (2.55) 
tan Xn = a 
Xp bHy w?_ ot _ Xn (25S) 





When C,; > C, which is the case under” (camgeuderaciow 


equation (2.56) possesses real roees 20m Ke sneee oe 
later varying in the range (n = 1/2) W <= X )=3n4i On ee 
other hand, when C, < C, , the roots k > are complex numbeme 
with negative imaginary parts. In the later case, there- 
fore, the factor exp(- jkr) in eater rom sree) implies 
horizontal attenuation. In the case of a fast bottom, there 
exist solutions which suffer no horizontal damping. This 


condition stems, of course, from the fact that for angles of 
incidence (measured from the normal) greater than critical 
angle, no power is transmitted into the bottom. Figures 
22 and 2.4 shows the z dependence of the first three 
normal modes for 50 kHz, 120 kHz, 160 “KHz respecetivelis 


Figure 2.5 shows the r dependence of the sound pressure. 
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PPoure 2.2 Pressure amplitude vs depth for first mode. 
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Figqure 27s Pressure amplitude vs depth for second mode. 
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Figure 2.4 Pressure amplitude vs depth for third mode. 
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Let us determine the cut-off frequencies of the normal 


feceamelt LOlLlows from equation (2.56) that 


tan X% = POWaAS. sr. . 
x are 4 = 
n DV aH (4-4) -*n sa) 


It is clear from the above equation that the nth mode 


earmmot SUPpPOrt propagation until 


; 2 
oH (4-4) rz [n-7] (2.58) 


Therefore, the limiting frequency below which transmis- 


Sion of the nth mode cannot take place 1s given by 


ee en) ) c, 


4H/ 1 - cf oe 


Cr 


where n = 1,2,3,----- 
This is an important relation between the layer thick- 
Meoememctid tiescue-Off frequency £, . {it is shown in Figure 


Zeomcor the first mode. 
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fee Stok SPEED 


Miemtactor exp j7(ate-K-rt 1/4) in equation (2.52) allows 
Semper eeoo) Imcenerebation of ki, namely k, = #/Cpn where 
Cen is the phase speed of the nth mode. The phase speed is 
the speed that the wave front (surface of constant phase) 


propagates in xr direction. The phase speed at the cut-off 


frequency has the value of the speed of sound in the 
PoOw@eam and decreases continuously with the increasing 
Frequency towards the value of sound speed in the upper 
tao from equatione(Z 19) swe can write [{Ref. 3] 

2 a 2 

kK = = * 

n e zn (2260) 


2 
Multiply both sides by H gives 


ee 22 
= H 

KM s (22) a, (2.61) 
Or. 

Zee eee? 

wH = ¢(kKH+k,H ) 
Oo; 

aac Z 
a = eat Ant X, ) 


(25625 


om 


where 


Therefore equation (2.57) Cam be written jas 


tan Xn = Ss 
x z 


Or 
tan Xn = oe © 
Ss Vile 2 
n f 
where 





6 = J2°,; 
eae 
Ea 2 


a 
{oN 
ole 
Ne” 
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aa 


From equation (2.65) 


Xe = Xvi + &*cot (xX) 
€ n 


Jz 


(Ze 


eon 


63) 


64) 


65) 


66) 


67) 


68) 


We know that X= Poros = 7 Cen. 
eo eene Pilase speed of the mth mode. 


Therefore 





pn A (2.69) 


From equation (2.62) we have 


2 Zz 
ell =. ie aS (2270) 
Hence 
ee 
G = Ve, a 
a X p (Aaa) 


SMeeticuting the value of X,~/7G%, from equation (2.68) we get 


rm] — 


2 
C == C.: { + e 


1 + 6 cot (X_) 





(2) 


ieee) iT = X= ai for the nth mode, and in this case 
k, and phase speed are real and propagation of the modes 
proceed without damping. ee omc rlumce. on Of angular 
frequency and the frequency corresponding to any given 


value of or. can be obtained. 


a5 


ae ae = Xp Con 
Z1CG ma AS. 
Xn 


Vite + §-cot X, 





5 (2.75 


a 


When X, is near its upper limit of n@7f,then cot KX +. 


Therefore 6 is very large and from equation (22.72) 


Oe 


Pn 1 


Hence in the limit of very high frequency, phase speed 
approaches the sound speed C,. When X, 1S near its Lower 
limits (n-1/2)7% then cot X —» O 


e 
and C.= Cj 1+ | = C 


r|— 


The phase speed, therefore, varies from the value C, at 
the critical frequency Gown to C, “in che  Vintemo yer) see 
frequency. Figure (2.7) shows the phase speed as a function 


of frequency for first three modes. 


E.. GBhOUErSer See 


In a medium in which the phase speed varies with 
frequency and if the pressure pulse from a point source is 
not a single frequency but covers a moderately broad 
spectrum, then the presence of the particular frequency 
component of the spectrum at a large range would occur at a 
time associated with the group speed (speed with which the 
energy associated with a particular frequency will travel 
At frequencies oe for which the phase 1s stationary, 


mutual interference will be negligible and these 
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frequencies will be dominant at the prescribed values 








eeeeaeama Yr. The values of t and er for which the phase 
1s stationary for a given frequency, therefore, determine 
the rate of propagation of this frequency inthe mutually 
interfering train of sinusoidal waves, [Ref. 3], called 
group speed Cy 
inca. See ict — k (oo) r - We (2.74) 
4 
a. =<e0erdk, =. 0 
dw do (2.75) 
Con _ ie _ da 
T dk, (276s 
but 
ao = k 
Bs nen 
Therefore 
Cgn as d to = d( kp By me c mi, i Ole 
d k, dir ime ~ (2am) 


From equation (2.63) we have k, = Q,/H Siest) Cut ime ea. Ss 


ValVemiteeqiation (2.7/7), we get 


a2 


eo Onere 
(2.78) 














2 : 
acer = ge] 1 4 (Xe) | 2) Xa) [te d Xn 7 Xn 
a B+ Ge RIL, doy ~ a | 
dXp _ An 
OX | @Ga, = cX,4 don _ x.) (2.79) 
dX, VXr+ xX? 


From equation (2.68) we get 


/ 2a 
g Xn ~ € ioe S cot Xn ae 
dX, Q(X,) ae” 
And then substitution of equation (2.80) and equation (2.79) 


into equation (2.78) yields 





= : (eI ‘s 7) (2.819) 
Wider é 
g(X,) = iat Scot’ X ~ SX cos X, / sin x, 
(2.82) 
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E1QUuUre mC) shows the group speed as a ~flmetivengee 


frequency for first three modes. It may be noted that group 
speed is always less than the phase speed. The general 
features for each mode areweeoe a. 


1.The first arrival would be nearly sinusoidal waves 


Of frequence 7 eee, where f, denotes the limiting 
frequency for Che nn Ga tede- The wave would arrive 
at t = T/C, travel linge een oreo. iis portion 
of the signal is called ground wave. AS thle time 


progresses, the frequency and amplitude an ene crounad 


wave would increase. 


Z:.At time @ = 1/Ci a new train of high frequency 
waves, due to Che Front Namemoranch of the gree 
velociey curve, would suddenly be superimposed on 
the ground wave travelling with speed Can = 3G2 
This new high frequency wave is designated as water 
wave. The frequency in the water wave would 
decrease as time progresses while in the ground 


wave the frequency would continue to increase. 


3.5till later f, and f£,, would approach each other 
at t=r/Cao , where Cg. denote the minimum group speed 
they “would Meoingrde- The pressure then would 
consists of a single frequency f@ and eemeeme orci 
of the signal is called Airy phase. The sequence of 


these events is illustrated in Figure 2.8 
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III. SOUND PROPAGATION IN A MODELED SHALLOW WATER 


ENV [RONMENT 


As “INTROPUCL TOM 


The purpose of this experiment was to investigate exper- 
imentally the behaviour of sound propagation in a laboratory 
facility consisting of a Vayer Of Sy a-21 levi 
of sand and to compare the results with the normal mode 


theory. 


B.. EQUIP VE i= 


1. The tank used for experimental work is made of alumi- 
nium plate one centimeter thick. The interior dimensions of 


the tank are 


Length = 9.95 meters 
Width = O.94 meters 
Depth = O.24 meters 


The tank has a carriage which can be used to adjust 
horizontal and vertical positions of receiver. The rails on 
which the carriage moves were leveled to ensure that 
receiver remained at a constant depth as it moved along the 
tank. The leveling arrangement was not precise and it was 
found that the total vertical variation of the receiver 
was within + 1mm. All the joints of the tank were sealed 
with silicon sealer and the interior of the tank was coated 
with three layers of primer paint (zine chromate) to avoid 
corrosion. Wooden wedges are fixed on the inner sides of the 
tank to minimize the reflection of sound. The tank was 
filled with water saturated sand to form an 11cm _ thick 
bottom layer and a thin layer of water (2 to 3 cm) was added 


above the sand. The sand was degassed by circulating water 
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deep into the sand with a centrifugal pump at moderate pres- 
sure. This process was repeated several times. The top 
surface of the sand was leveled with reference to the water 
surface. Witewleweledssctiztrace Of Sand was horizonally flat 
within + 1mm. The layer of water was very shallow and the 
thickness of this layer changes with time due to evaporation 
Sreceme water. To avoid this, the tank was equiped with an 
automatic water level control which maintains the desired 
level of water. 

PeeeeliemwErecuerer res Used am Chis work ranged from 25 kHz 
to 100 kHz. The source transducer was built from a rectan- 
@mlarecrystal Of piezoelectric material 2.98 cm long and 
MmelemewievtOe. Ene directivity index of the transducer at 50 
Maz 1s >./> dB. The receiver was made from a 4 mm by 4 mm 


prezoceramic cylinder. 


ee MEASUREMENT OF SPEED OF SOUND AND DENSITY 


Figure 3.1 shows the equipment and the circuit used to 
measure the speed of sound in water-saturated sand and in 
water. Two LC-5 transducers were used as source and 
receiver. A high frequency tone burst of the order of one 
MH2z was used and the speed of sound was calculated by 
direct measurement of time-of-flight from the oscilloscope 
and the distance between the source and the receiver. 
Experimentally determined values for the speed of sound in 
the sand and in water are shown in Table I and Table II. The 
standard deviation of the measurements is an indication of 
the precision of the measurement (approximately 1 percent). 
The difference between the measured speed of sound in water 
and the value predicted by theory at that temperature 1s an 
indication of the accuracy of the measurement (approximately 
OPI ocrecent ). The density of the sand was measured by 
weighing 1000 cm of water-saturated sand and Galteu lating oes 


mise temmeasiread values are shown in Table I. 
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TABLE I 


Speed of sound in sand 


Time Scale Distance 
Diggs On Uy Ne (cm) 


Sel 20 Sao 
0) 34. 
50 45. 
50 SS. 
20 Zoe 
0 14. 


Average Speed 
Standard Deviation 


Percent Deviation 


Measurement For Density of Sand 
Mass of the Senrainer 
Mass of 1000 cm 


Density = 2108.3 kg/m 


of sand + Container 
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Ss 
(m/s ) 


1674. 
IisiSise 
1647. 
Lies 
1674. 
ieee 


OF 
88 
27 
jy 
6 

ie 





TABLE II 
Speed of sound in Warten m@lempe. unas — ie 
No. erie Scale Distance 
Division Va) (cm 
oe a0 Lie 
5/8 Soe 
50 43. 
50 oe 
50 64. 
Ve 
Sse 
aoe 


Son No Ww Wm WM © WW ~ 


1 
Z 
S 
= 
> 
6 
7 
8 


Average Speed of Sound 1458.43 m/s 
Standard Deviation = 2) il 
Speed of Sound from Theory 1472.39 m/s 


Percent Deviation ORs. 
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D. VOLTAGE RESPONSE AND SENSITIVITY OF TRANSDUCERS 


The basic characteristics of the source and receiver 
were not known, therefore the voltage response of the trans- 
mitter and the sensitivity of the receiver were measured by 
Baewreciprocity method (Figure 3.2). The left hand side of 
the Figure indicates the transducers being used as transmit- 
ters and the right hand side as receivers. Experimentally 
measured data are shown in Table III and calculated values 
of voltage response and sensitivity are shown in Table IV. 
The voltage response of the transmitter is plotted in Figure 


3.3 and sensitivity of the receiver in Figure 3.4 
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= Transmitter ( Source) 
LC-10 


x D 4 


2 Receiver 


Figure 352 Calibration of transducers by reciprocity meuhodr 
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(kHz) 


Zz 
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Distance between source and receiver 


©. Or OO OO) OOS OO) Oer@ 1 


Applied voltage 


ote) 
.00046 
.0007 
.0012 
10017 
OLOVAS) 
OOS 

.0046 
2OOG 
pOO7> 
Or: 

70123 
BOUNDS) 
- O15 

.0145 


ee eel A 1 


Experimental measurements for 
calibrations of transducers 
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2007 
SOCHES 
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SOZzy, 
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SS 
.089 
OSs 
706 
nOgs 
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BOO Si 
=O 7> 
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O25 
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203.15 
.034 
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DAE Lee, 


Voltage response and sensitivity 


Bee. Sensitivit Voltage Response 
(kHz ) dB(re V/Pa dB(re Pa/V 1 m) 


Zi) -/Gae7 al 
SO -68.34 oe 
40 -/0.96 . OG 
50 =6S ae .84 
60 -6577 6 183 
To =-S9256 oo) 
80 = 9 eeu OS 
90 -53 05 oe 
-54.24 oe 

-48.96 so 

-61.86 2S), 

=o o> 2o4 

PaO toe 

<oe , OF 
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E. VALIDATION 


To insure that the sound fields set up in the tank would 
De dood approximations of the sound fields in the absence of 
Sides and bottom (e.g, a shallow water environment of infi- 
nite horizontal extent), measurement were made on the sound 
field set up in the water and in the sand for a source in 


the water layer. 


alee SoUnmowmsecoMEenasme HUNGtLion of Receiver Depth 


i i ——— a eee 


Prgure woe Oo eahowsS Sthewcircuit arrangement for the 
measurement of the variation of pressure amplitude with 
range and depth. Continuous waves of the desired frequency 
were generated by a frequency generator and were applied to 
the source through an amplifier. The source was placed at 
mid depth in the water layer which was 2.7 cm thick. The 
Signal was received by the receiver and was passed through 
the bandpass filter to eliminate noise. The output from the 
bandpass filter was amplified and displayed on the oscillo- 
oe ee OsCCLehiiimemenc Variations of pressure,amplitude as 
a function of receiver depth, the transmitter was kept at a 
constant depth in the water layer while the measurements 
were made with the receiver at a fixed range beginning from 
the top surface of the water layer down into the bottom 
layer in steps of 0.5 centimeter. Three frequencies between 
the cut-offs of two first modes were selected for measure- 
ments. The data are tabulated in Tables V, VI, and VII and 
plotted in Figures 3.6, 3.7, and 3.8 . The experimental and 
bMeGretlcal BLesults agree satisfactorily within the water 
Maver. —Near the cut-off frequency of the propagating mode, 
the experimental amplitude appears to decay more rapidly 
ViEbecdepenl mm the bottom layer than theory predict. Decay is 


slower for intermediate and high frequencies. 
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TABLE V 


sound pressure as function of depth: 
Poo Se haz 1) = 1, = 1.5 m 
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2. sound Pressure as a Function of Range 


To measure the variation of peak pressure amplitude 
with range, the transmitter was kept at constant depth and 
the receiver's depth was adjusted slightly at each range to 
measure peak amplitude at that range. Precautions had to be 
taken to ensure that the water surface is disturbed as 
little as possible because variation in water depth hada 
Significant effect on the pressure amplitude. Measurements 
were made for three frequencies between the cut-offs of 
the first two modes. The data are tabulated in Tables VIII, 
IX, Hacer ane Iseolloected in Figures 3.9, Ser ands s = ia 
respectively. Assuming a simple model for which the loss in 
I= bOttem effects that portion of the energy density of the 
Wermal mode found im the bottom, which then “robs” the 
Smergvemeensity im ~the water layer, then the effective 
absorption coefficient can be estimated as (Ref. personal 


communication with Prof. Alan B. Coppens) 
ey tes 


Where Ab/A is fraction of the energy density of the normal 
Mede in the bottom and 1/4F (F is the frequency in KHz) 
yields the expected attenuation to be found in the sand used 
for the bottom [Ref. 4]. Comparison of the measured data 
with the simplestic model is very good, suggesting that 
indeed the sound field is subjected to minimal effects from 
the side walls. 
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TABLE A 


Sound pressure as “BUNCENOn Of Lance: 
H 2Z2cem f£= 100 kHz n = 1 
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3. Sound Pressure Variation AcCKhoOSss ene yeh s mo cme 
ia 


sound pressure variations were measured across the 
width of the tank at a one meter distance from the source 
for three different frequencies. The measured data shown in 
Table XI, XII, and XIII and ploteed an Figuive 2 ee 
and 3.14. The results show slight effects of interference 


elther from thle walls or from the bottom or tGhewsanaslayene 
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TABLE XI 


Transverse measurement of sound pressure: 
f = 50 kHz, L=1M 
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Transverse measurem 
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F. SUMMARY AND CONCLUSION 


In the preceding sections, the experimental curves for 
the pressure amplitude as a function of depth and range for 
three different frequencies for which only the first normal 
mode propagates have been compared with normal mode theory 
and a simple model for attenuation of the normal mode. The 
depth dependent curves both in the water andin the sand 
agrees satisfactorily with the theory. The range dependence 
obtained in the water exhibit excellent agreement with the 
Simple modeling of losses resulting from the relatively 
DiGi ieee Cenulatimeas oo ctOM . Measurements both in range and 
transverse dimensions suggests that the sound field is 
subjected to minimal effects from the side walls. The 
leveling arrangement needs improvement because at higher 
frequencies minor alterations in water depth changes’ the 


pressure amplitude considerably. 
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